Introduction {#S0001}
============

Neuroinflammation is a pathological mechanism implicated in the initiation and development of neuropathic pain.[@CIT0001] High mobility group box 1 (HMGB1), a potent pro-inflammatory mediator, has been shown to elicit inflammatory responses and plays a crucial role in neuroinflammation.[@CIT0002] Studies have indicated that a crosstalk between HMGB1 and pro-inflammatory cytokines induces and maintains inflammatory activities. HMGB1 may aggravate the persistent pain state in the development of chronic pain.[@CIT0002],[@CIT0003] Peripheral nerve injury induces the elevation of HMGB1 and maintenance of neuropathic pain depends on HMGB1 release.[@CIT0002],[@CIT0003] These findings greatly suggest that HMGB1 is involved in the pathogenesis of neuropathic pain. It is reported that injection of HMGB1 to rats evokes neuropathic pain,[@CIT0004] and administration of anti-HMGB1 antibody effectively ameliorates pain hypersensitivity induced by spinal nerve ligation and partial sciatic nerve ligation in the spinal cord.[@CIT0002],[@CIT0005] It is evident that HMGB1 is acted as a potential therapeutic target for neuropathic pain.

It is clear that peripheral nerve injury induces microglia activation.[@CIT0006],[@CIT0007] TLR4, one of the potent HMGB1 receptors, has been indicated as the initiator and mediator of neuropathic pain,[@CIT0008] and it was highly expressed in the microglia of the spinal cord.[@CIT0009] When bounding to HMGB1, TLR4 activates spinal microglia to promote the release of pro-inflammatory cytokines.[@CIT0007] However, mice lacking TLR4 shows remarkable inhibition of both microglia activation and pain hypersensitivity following peripheral nerve injury.[@CIT0010] Furthermore, suppression of TLR4 can reduce microglia activation and alleviate neuropathic pain.[@CIT0010] Overall, these results suggest that HMGB1-triggered TLR4 activation in spinal microglia contributes to the development of neuropathic pain.

There is evidence that myeloid differentiation factor-88 adaptor protein (MyD88) in the spinal microglia mediated the activation of TLR4 and NF-κB signaling.[@CIT0011] Nerve injury-evoked neuropathic pain significantly upregulated spinal MyD88 protein expression,[@CIT0012] suggesting that MyD88 plays a key role in the pathogenesis of neuropathic pain. After nerve injury, the NF-κB signaling is activated along with TLR4 activation in spinal microglia,[@CIT0013] and subsequently promotes the upregulation of pro-inflammatory cytokines and implicates in the initiation and development of neuropathic pain.[@CIT0014]

Neuropathic pain severely impacts the quality of patient life and leads to a wide variety of problems worldwide.[@CIT0015] However, the current pharmacological therapeutics for neuropathic pain are still limited,[@CIT0016] therefore, other managements with little side effects should be considered. It is well known that electroacupuncture (EA) has been used in People's Republic of China and other oriental countries for the treatment of chronic pain with few side effects.[@CIT0017],[@CIT0018] EA stimulation is shown to attenuate neuropathic pain by activating a numerous of neurotransmitters via peripheral and central mechanisms, such as opioids, which block pro-inflammatory cytokines production, glial activation, and some signaling molecules expression in the spinal cord.[@CIT0019] Furthermore, our recent data revealed that 2Hz EA has been identified as an effective treatment for SNI-induced pain hypersensitivity,[@CIT0020],[@CIT0021] and it alleviates neuropathic pain by suppressing a pro-inflammatory cytokine IL-1β in the spinal cord of SNI rats.[@CIT0020] But the underlying mechanism remains poorly elucidated. Based on the fact that HMGB1 modulates the release of IL-1β, IL-6, and TNF-α through activating spinal microglia, including TLR4/MyD88/NF-κB signaling in neuropathic pain. Thus, in this study, we hypothesized that 2Hz EA has its inhibitory effect on spinal HMGB1/NF-κB signaling in SNI-induced neuropathic pain.

In the present study, paw withdrawal threshold (PWT) and CatWalk gait analysis were used to evaluate the effect of 2Hz EA on pain-related behaviors in SNI rats. To further determine the effect of 2Hz EA on the levels of spinal HMGB1, TLR4, MyD88, and NF-κB p65 induced by SNI, Western blot was used to quantify the amount of them. Moreover, immunoﬂuorescence staining was used to observe the co-localization of TLR4 or MyD88 with microglial activation marker CD11b, as well as the distribution of NF-κB p65 in the spinal cord. Findings from this study may provide a clue that HMGB1/NF-κB signaling serves as a potential therapeutic target for 2Hz EA treating neuropathic pain.

Materials And Methods {#S0002}
=====================

Experimental Animals {#S0002-S2001}
--------------------

Healthy adult male Sprague-Dawley rats weighing 160--180g (7 to 8 weeks old) were obtained from Hunan SLAC Laboratory Animal Co., Ltd. (Changsha, People's Republic of China). The rats were housed five per cage with free access to food and water, and they were kept at a temperature-controlled (22°C--24°C) room and under a 12/12 hrs light/dark cycle. The rats were adapted to the surroundings for 5 days at the beginning of the study. The behavioral experiments were performed in a quiet environment and conducted in a double-blind manner. In all experiments, caution was taken to minimize discomfort to the rats. All animal experimental procedures were approved by the Animal Use and Protection Committee of Gannan Medical University in China and carried out in accordance with the guidelines of the International Association for the Study of Pain and the National Institute of Health Guide for the Care and Use of Laboratory Animals.

Experimental Procedures {#S0002-S2002}
-----------------------

Experimental procedures for SNI-induced neuropathic pain can be found in this study. For the first procedure ([Figure 1A](#F0001){ref-type="fig"}), rats were randomly divided into 3 groups: sham, SNI, and SNI+EA (n=10--14). The sham rats underwent sham surgery, while the other groups received SNI surgery. The rats in the SNI+EA group were treated with 2Hz EA on day 1 post-SNI surgery and once every other day lasting for 21 days. The rats in the sham and SNI groups were treated in the same way as those in the SNI+EA group except EA stimulation. The PWT and CatWalk gait analysis were performed following administration of 2Hz EA on day 21 post-SNI surgery, respectively. In the second procedure ([Figure 1B](#F0001){ref-type="fig"}), to further explore the mechanism underlying 2Hz EA alleviating SNI-induced neuropathic pain in the spinal cord, rats from each group were sacrificed to dissect the L4-L6 segments of spinal cord on day 21 post-surgery after behavioral experiment. The spinal cord segments at L4-L6 were collected for immunoﬂuorescence staining and Western blot.Figure 1The schematic diagram of the experimental procedures.**Notes:** (**A**) The PWT was assessed after 2Hz EA stimulation on day 21 post-SNI surgery. Rats received 2Hz EA treatment once every other day lasting for 21 days. The CatWalk gait analysis was performed on the same day as the examination of PWT. (**B**) Following 2Hz EA treatment for 21 days, rats were sacrificed after the measurement of PWT, and the samples were collected from the L4--L6 segment of spinal cord for immunoﬂuorescence staining and Western blot experiments.**Abbreviations:** PWT, paw withdrawal threshold; EA, electroacupuncture; SNI, spared nerve injury.

SNI Model Of Neuropathic Pain {#S0002-S2003}
-----------------------------

After 5 days of adaptation, the SNI-induced neuropathic pain rat model was established according to the method described in the previous report.[@CIT0020] Briefly, rats were anesthetized with 2% to 3% isoflurane, followed by exposing the left lateral sciatic nerve and its three terminal branches (the sural, common peroneal, and tibial nerves). The left lateral common peroneal and the tibial nerves were tightly ligated with a 5--0 silk suture and sectioned distal to the ligation, removing 2--4 mm of the distal nerve stump, and leaving the sural nerve intact. Muscles and skin were closed in two layers under sterile operation. Only rats that developed mechanical hypersensitivity were used in this experiment. Sham-surgery rats underwent all identical surgical procedures except that the tibial and common peroneal nerves were left intact.

EA Stimulation {#S0002-S2004}
--------------

Rats were housed in specially designed holders with their hind legs and tails exposed as described in our previous study.[@CIT0020] Briefly, the skin of the rat hind legs was sterilized with 75% alcohol. Two stainless-steel needles (4 mm length and 0.4 mm diameter) were inserted into a couple of acupoints of each hind leg in rats. One needle was inserted at the Zusanli acupoint (ST36), which was 5 mm lateral to anterior tubercle of tibia marked by a notch, and the other needle was inserted at the Sanyinjiao acupoint (SP6), which was 3 mm proximal to medial malleolus and at the posterior border of the tibia. The stimulation square waves of EA, generated from Han's Acupoint Nerve Stimulator (HANS, LH202, Beijing Huawei Industrial Developing Company, People's Republic of China), were applied to both hind legs of rats simultaneously. Since 2Hz EA stimulation possesses better analgesia on neuropathic pain than 100Hz EA does. In this study, the EA stimulation parameters were: 2Hz with a pulse width of 0.6 ms, and the stimulation intensity was increased in a stepwise manner at 1-2-3 mA, each intensity lasting for 10 mins. Administration of 2Hz EA stimulation to rats once every other day lasting for 21 days. All rats were always kept awaken in the process of 2Hz EA stimulation.

Assessment Of Mechanical Hypersensitivity {#S0002-S2005}
-----------------------------------------

Mechanical hypersensitivity was served as a behavioral sign of neuropathic pain. The sensitivity to mechanical stimuli was examined by PWT as described in a previous study.[@CIT0020] In brief, rats were first acclimatized in each individual plastic enclosure (12×22×18 cm) on a metal mesh floor standing for 15 mins before assessment. PWT was detected with a dynamic plantar aesthesiometer (Ugo Basile, 37450, Italy), which comprised a force transductor fitted with a 0.5-mm diameter polypropylene rigid tip. A probe was applied perpendicularly to the mid-plantar surface of the rat left hind paw with an increasing pressure, lasting for 10 s from 0 to 50 g. To avoid injury to rats, the cutoff pressure was set to be 50g, the force that induced the withdrawal response was automatically recorded to the nearest 0.1 g by the anesthesiometer. Three examinations were taken with an interval of 5 mins. The mean PWT for the three measurements was achieved from each rat.

CatWalk-Automated Gait Analysis {#S0002-S2006}
-------------------------------

The CatWalk system (XT, Noldus Information Technology, the Netherlands) was used for the quantitative assessment of gait parameter and footfalls in rodents. The CatWalk system provides an objective and accurate examination of limb coordination, and it has been used for neuropathic pain study.[@CIT0022] Briefly, the CatWalk XT system has a high-speed digital camera, which transforms scene into digital images. The digital image is transferred to a computer. The brightness of a pixel was the amount of light received from an area by the camera. This experiment was conducted in a darkroom environment, and in the case of minimizing interference factors other than food attraction, each rat was subject to pre-training so that they did not stop and smoothly pass the CatWalk glass plate within 10 s. The baseline value was collected, rats that did not continue to pass the training were excluded. Twenty-one days after 2Hz EA treatment, rats were tested using the CatWalk system. After each group of rats smoothly passed through the glass plate, reflected light, emitted by the fluorescent lamp, in the glass was collected, and a series of gait parameters were automatically generated, and the recordings evaluated off-line. This experiment mainly examined pain-related behavior alterations from the following gait parameters: stand(s) is the duration of ground contact for a single paw, print area (cm^2^) represents the surface of the complete print of a paw, swing speed (cm/s) is the duration of no contact of a paw with the glass plate in a step cycle, stride length (cm) is the distance between successive placements of the same paw, print length (cm) is the length of the rectangle fitted to the paw print.

Immunoﬂuorescence Staining {#S0002-S2007}
--------------------------

Following the assessment of behavioral alterations, rats were anesthetized using 2% to 3% isoflurane and the thoracic cavity was incised to expose the heart. A puncture needle was inserted from the left apex and extended towards the aorta. The right auricle was incised and the rat was transcardially perfused with 0.9% normal saline and then 4% paraformaldehyde solution in 0.1 M PBS (pH 7.4, 4°C). Immunoﬂuorescence staining was performed as described in the previous study.[@CIT0008] Briefly, the spinal cord segments at L4-L6 were immediately removed and put into 4% paraformaldehyde solution for 4 hrs, followed by cryoprotection in 20% and 30% sucrose, respectively, at 4°C until it submerged. Transverse sections (10 μm) were cut on a cryostat, and blocked with 5% BSA for 60 mins at room temperature, after washing with PBS for 15 mins and incubated with 5% BSA for overnight at 4°C, the sections were incubated in the antibody solution containing rabbit anti-TLR4 (1:200, 19811-1-AP, Proteintech, USA), rabbit anti-MyD88 (1:100, ab2064, Abcam, UK) or rabbit anti-phospho-NF-κB p65 (1:100, 3033, CST, UK), and mouse anti-CD11b for microglia (1:50, ab1211, Abcam, UK), respectively. After washing with PBS for 15 mins, the sections were incubated for 120 mins at room temperature with Alexa FluorTM 555 goat anti-rabbit IgG (H+L) (1:1000, A21429, Invitrogen, USA), and Alexa FluorTM 488 goat anti-mouse IgG (H+L) (1:1000, A11029, Invitrogen, USA). The all stained sections were detected and analyzed with a confocal laser scanning fluorescence microscope.

Western Blot Analysis {#S0002-S2008}
---------------------

Western blot assay was performed after behavioral experiments for each group. Rats were anesthetized with 2% to 3% isoflurane, the L4-L6 spinal cord segments were rapidly removed for extraction of proteins. Thirty micrograms of protein per sample were denatured and then separated by a 10% SDS-PAGE and Western blotted on a PVDF (Millipore, CA) membrane. The membrane was blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 for 60 mins at room temperature, and subsequently the membrane was immuno-labelled overnight at 4^◦^C with antibodies of rabbit anti-HMGB1 (1:1000, ab79823, Abcam, UK), mouse anti-TLR4 (1:400, 66350-1-lg, Proteintech, USA), rabbit anti-MyD88 (1:500, ab2064, Abcam, UK), rabbit anti-NF-κB p65 (1:1000, 8242, CST, UK) and rabbit anti-phospho-NF-κB p65 (1:400, 3033, CST, UK), mouse anti-Tubulin (1:1000, M1000140, Solarbio, People's Republic of China). The blots were washed with Tris-buffered saline and Tween-20 and then incubated with the horseradish peroxidase-conjugated anti-rabbit secondary antibody (1:1000, Cell Signaling Technology, USA) for 120 mins at room temperature. The blots site of the antigen-antibody complex was visualized with the Immobilon Western Chemiluminescent HRP Substrate (Millipore, MA). The bands were analyzed using Quantity One software (Bio-Rad). β-tubulin was used as the internal control. The standardized ratio of HMGB1, TLR4, MyD88, and phospho-NF-κB protein to β-tubulin band density was used to calculate the alteration of corresponding protein expression level.

Data Analysis And Statistics {#S0002-S2009}
----------------------------

All experimental data were expressed as the mean±SEM. Statistical analyses were performed using Prism 5.0 software. Differences between groups in behavioral experiments, immunoﬂuorescence staining, and Western blotting tests were analyzed using one-way ANOVA followed by Newman--Keuls post-hoc tests. *P*\<0.05 was considered to represent significant difference.

Results {#S0003}
=======

Effect Of 2Hz EA On SNI-Evoked Mechanical Hypersensitivity {#S0003-S2001}
----------------------------------------------------------

Mechanical hypersensitivity is a typical sign of neuropathic pain, it is more pronounced in SNI-induced mechanical hypersensitivity. To examine the effect of EA stimulation on mechanical hypersensitivity in SNI rats, the PWT was measured following administration of 2Hz EA to rats post-SNI surgery. As shown in [Figure 2](#F0002){ref-type="fig"}, the PWT in the SNI group was obviously reduced compared with that of the sham group (*P*\<0.001), indicating the successful establishment of SNI-induced neuropathic pain rat model. In comparison with the SNI group, the PWT in the SNI+EA group was markedly increased (*P*\<0.001), suggesting that 2Hz EA attenuated SNI-induced mechanical hypersensitivity.Figure 2Effect of 2Hz EA on paw withdrawal threshold (PWT) induced by spared nerve injury.**Notes:** Rats were treated with 2Hz EA once every other day for 21 days post-surgery. Sham represents the sham group; SNI represents rats treated with the spared nerve injury; SNI+EA represents rats receiving spared nerve injury and 2Hz EA treatment. \*\*\**P*\<0.001, compared to the sham group, ^\#\#\#^*P*\<0.001, compared to the SNI group. All data were expressed as the mean±SEM, n =13 per group.**Abbreviations:** PWT, paw withdrawal threshold; EA, electroacupuncture; SNI, spared nerve injury; SEM, standard error of the mean.

Effect Of 2Hz EA On SNI-Induced CatWalk Gait Analysis {#S0003-S2002}
-----------------------------------------------------

CatWalk gait analysis, used to assess gait parameters, is served as an objective method to evaluate sensory neuropathic pain induced by SNI. In this experiment, we measured five gait parameters to display pain-related behaviors in SNI rats. As shown in [Figure 3A](#F0003){ref-type="fig"}--[E](#F0003){ref-type="fig"}, in comparison with the sham group, SNI significantly decreased stand, print area, swing speed, stride length, and print length on day 21 post-surgery (*P*\<0.001), suggesting that SNI induced sensory impairment to rats. These decreases were significantly attenuated by 2Hz EA treatment to SNI rats (*P*\<0.05, *P*\<0.01, *P*\<0.001). These data demonstrated that 2Hz EA alleviated pain-related behaviors in SNI rats.Figure 3Effect of 2Hz EA on Catwalk gait parameters in SNI rats.**Notes:** Rats were treated with 2Hz EA once every other day for 21 days post-surgery. Sham represents the sham group; SNI represents rats treated with the spared nerve injury; SNI+EA represents rats receiving spared nerve injury and 2Hz EA treatment. The measurement of Catwalk gait parameters of stand(s), print length (cm), print area (cm^2^), stride length (cm), and swing speed (cm/s) is shown in (**A--E**). \*\*\**P*\<0.001, compared to the sham group, ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\< 0.001, compared to the SNI group. All data were expressed as the mean±SEM, n=10--14 per group.**Abbreviations:** EA, electroacupuncture; SNI, spared nerve injury; SEM, standard error of the mean.

Effect Of 2Hz EA On Spinal HMGB1 Protein Expression In SNI Rats {#S0003-S2003}
---------------------------------------------------------------

To explore the effect of 2Hz EA on HMGB1 in the spinal cord of SNI rats, spinal HMGB1 protein expression was determined on day 21 post-surgery. As shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}, in comparison with the sham group, HMGB1 in the SNI group was significantly upregulated (*P*\<0.001) on day 21 post-SNI surgery. 2Hz EA stimulation markedly decreased the expression level of HMGB1 protein in SNI rats (*P*\<0.01) on day 21 post-SNI surgery. These findings revealed that 2Hz EA downregulated HMGB1 protein expression in the spinal cord of SNI rats.Figure 4Effect of 2Hz EA on SNI-induced HMGB1 protein expression in the spinal cord.**Notes:** (**A**) Western blotted band of HMGB1. (**B**) Relative level of HMGB1/β-tubulin protein expression. Samples were collected from the L4--L6 segment of rat spinal cord on day 21 post-surgery. \*\*\**P*\<0.001, compared to the sham group, ^\#\#^*P*\<0.01, compared to the SNI group. All data were expressed as the mean±SEM, n=6 per group.**Abbreviations:** HMGB1, high mobility group box 1; EA, electroacupuncture; SNI, spared nerve injury; SEM, standard error of the mean.

Effect Of 2Hz EA On TLR4 Protein Expression And Co-Localization Of TLR4 With CD11b In The Spinal Cord Of SNI Rats {#S0003-S2004}
-----------------------------------------------------------------------------------------------------------------

To evaluate the role of TLR4 in 2Hz EA treatment to SNI rats, the level of TLR4 protein expression was detected on day 21 post-SNI surgery. As shown in [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}, in comparison with the sham group, TLR4 protein expression in the SNI group was markedly increased (*P*\<0.001) on day 21 post-surgery. In comparison with the SNI group, TLR4 protein expression level in the SNI+EA group was significantly reduced (*P*\<0.001) on day 21 post-SNI surgery. To demonstrate the critical role of spinal microglia in the pathogenesis of SNI-induced neuropathic pain. Following 2Hz EA treatment to rats for 21 days post-SNI surgery, activation of microglia in the spinal cord was examined using immunoﬂuorescence staining against the microglia activation marker CD11b. As shown in [Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}, SNI markedly induced the upregulation of CD11b (*P*\<0.001) in the spinal cord compared with the sham group. 2Hz EA treatment significantly attenuated the upregulation of CD11b evoked by SNI (*P*\<0.01). Similarly, immunoﬂuorescence staining also showed that spinal TLR4 level was significantly increased in the SNI group (*P*\<0.001) compared with that of the sham group. In comparison with the SNI group, 2Hz EA treatment significantly reduced SNI-induced upregulation of spinal TLR4 (*P*\<0.01). The double immunoﬂuorescence staining further showed that SNI increased the co-expression of TLR4 and CD11b in the dorsal horn of spinal cord compared with the sham group. 2Hz EA treatment significantly decreased the co-expression of spinal TLR4 and CD11b in SNI rats. These results confirmed that 2Hz EA decreased the expression of both spinal TLR4 and CD11b, as well as the activation of microglia after SNI.Figure 5Effect of 2Hz EA on TLR4 protein expression and activation of microglia in the spinal cord following SNI.**Notes:** (**A**) Western blotted band of TLR4. (**B**) Relative level of TLR4/β-tubulin protein expression. (**C**) TLR4 and CD11b were double labeled in the dorsal horn of spinal cord (scale bar=20μm). 2Hz EA treatment significantly downregulated the co-expression of TLR4 (red) and microglial activation indicator CD11b (green). (**D**) Intensity mean value for TLR4 or CD11b. Samples were collected from the L4--L6 segment of rat spinal cord on day 21 post-surgery. \*\*\**P*\<0.001, compared to the sham group, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001, in comparison with the SNI group. All data were expressed as the mean ±SEM, n=4 per group. Arrows indicate expressions of TLR4 and CD11b as well as co-localization of TLR4 with CD11b in the spinal dorsal horns.**Abbreviations:** TLR4, toll-like receptor 4; EA, electroacupuncture; SNI, spared nerve injury; SEM, standard error of the mean.

Effect Of 2Hz EA On MyD88 Protein Expression And Co-Localization Of MyD88 With CD11b In The Spinal Cord Of SNI Rats {#S0003-S2005}
-------------------------------------------------------------------------------------------------------------------

To explore whether MyD88 participates in the effect of 2Hz EA on SNI rats, the spinal MyD88 expression following 2Hz EA treatment was examined on day 21 post-SNI surgery. As shown in [Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}, in comparison with the sham group, MyD88 protein expression in the SNI group was significantly increased (*P*\<0.05) on day 21 post-surgery. In comparison with the SNI group, 2Hz EA treatment obviously suppressed the upregulation of MyD88 protein expression in SNI rats (*P*\<0.05) on day 21 post-SNI surgery. The role of 2Hz EA treatment on the expression of both MyD88 and CD11b in the spinal cord was examined using immunoﬂuorescence staining. As shown in [Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}, in comparison with the sham group, SNI induced a significant increase of both MyD88 and CD11b in the dorsal horn of the spinal cord (*P*\<0.001). As expected, co-localization of MyD88 with CD11b in the dorsal horn of spinal cord was observed. In comparison with the SNI group, after 2Hz EA treatment to SNI rats, a significant downregulation of both spinal MyD88 and CD11b were also found (*P*\<0.05), which indicated that 2Hz EA decreased the expression of both MyD88 and CD11b and inhibited SNI-induced microglia activation in the spinal cord.Figure 6Effect of 2Hz EA on MyD88 protein expression and activation of microglia in the spinal cord following SNI.**Notes:** (**A**) Western blotted band of MyD88. (**B**) Relative level of MyD88/β-tubulin protein expression. (**C**) MyD88 and CD11b were double labeled in the dorsal horn of spinal cord (scale bar=20μm). 2Hz EA treatment significantly downregulated the co-expression of MyD88 (red) and microglial activation indicator CD11b (green). (**D**) Intensity mean value for MyD88 or CD11b. Samples were collected from the L4--L6 segment of rat spinal cord on day 21 post-surgery. \**P*\< 0.05, \*\*\**P*\<0.001, compared to the sham group, ^\#^*P*\<0.05, ^\#\#\#^*P*\<0.001, compared to the SNI group. All data were expressed as the mean±SEM, n=4 per group. Arrows indicate expressions of MyD88 and CD11b as well as co-localization of MyD88 with CD11b in the spinal dorsal horns.**Abbreviations:** MyD88, myeloid differentiation factor-88; EA, electroacupuncture; SNI, spared nerve injury; SEM, standard error of the mean.

Effect Of 2Hz EA On Spinal NF-κB Activation In SNI Rats {#S0003-S2006}
-------------------------------------------------------

To evaluate the role of spinal NF-κB signaling in 2Hz EA treatment to SNI rats, the activation of NF-κB was measured on day 21 post-SNI surgery through the detection of NF-κB p65 phosphorylation and its intracellular distribution in the spinal cord. As shown in [Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}, Western blot results showed that SNI significantly induced NF-κB p65 phosphorylation, compared to the sham group (*P*\<0.01), whereas 2Hz EA treatment markedly inhibited SNI-induced NF-κB p65 phosphorylation (*P*\<0.05). Furthermore, as shown in [Figure 7C](#F0007){ref-type="fig"} and [D](#F0007){ref-type="fig"}, immunoﬂuorescence staining revealed that SNI induced NF-κB p65 nuclear translocation in the spinal dorsal horn and this effect was significantly suppressed by 2Hz EA stimulation. These findings suggested that 2Hz EA treatment inhibited SNI-induced activation of NF-κB signaling in the spinal cord.Figure 7Effect of 2Hz EA on SNI-induced NF-κB activation in the spinal cord of rats.**Notes:** (**A**) Western blotted bands of p-NF-κB and NF-κB. (**B**) Relative levels of p-NF-κB/β-tubulin and NF-κB/β-tubulin protein expression. (**C**) p-NF-κB and DAPI were double labeled in the dorsal horn of spinal cord (scale bar=20μm). 2Hz EA treatment significantly downregulated the distribution of p-NF-κB (red) but not DAPI (blue). (**D**) Intensity mean value for p-NF-κB and DAPI. Samples were collected from the L4--L6 segment of rat spinal cord on day 21 post-surgery. \**P*\<0.05, \*\**P*\<0.01, compared to the sham group, ^\#^*P*\<0.05, compared to the SNI group. All data were expressed as the mean±SEM, n=4 per group. Arrows indicate expressions of p-NF-κB and DAPI as well as co-localization of p-NF-κB with DAPI in the spinal dorsal horns.**Abbreviations:** NF-κB, nuclear factor kappa beta; EA, electroacupuncture; SNI, spared nerve injury; SEM, standard error of the mean.

Discussion {#S0004}
==========

Evidence has shown that HMGB1 exerts its pro-inflammatory effect to contribute to neuropathic pain through triggering TLR4 and adaptor protein MyD88, subsequently leading to activation of NF-κB signaling and resulting in pro-inflammatory cytokines production and pain hypersensitivity.[@CIT0023] In this study, 2Hz EA could ameliorate pain-related behaviors such as mechanical hypersensitivity and elevation of gait parameters in SNI rats, and subsequently reduced the upregulation of spinal HMGB1, TLR4, MyD88, and NF-κB p65 protein expression induced by SNI. Furthermore, we observed the downregulation of co-expression of TLR4 and CD11b, MyD88 and CD11b, as well as the inhibition of NF-κB p65 activation by 2Hz EA in SNI rats. Findings from this study provided novel insight into the molecular mechanism underlying 2Hz EA relieving neuropathic pain.

Neuropathic pain remains a major public health challenge that impacts millions of individuals. Novel and more effective managements should be further investigated. Numerous studies have confirmed that EA stimulation significantly alleviated neuropathic pain with few side effects.[@CIT0017],[@CIT0020] More importantly, EA stimulation produced analgesia greatly relied on EA frequency and EA stimulation interval.[@CIT0018] It was reported that 2Hz EA elicited better analgesic effect on neuropathic pain than 100Hz EA did,[@CIT0018],[@CIT0019] and administration of 2Hz EA to SNI rat once every other day lasting for 21 days induced a cumulative analgesic effect.[@CIT0024] Thus, in this study, 2Hz EA stimulation was selected to treat SNI-induced neuropathic pain as described in our previous studies.[@CIT0020],[@CIT0021] Similarly, 2Hz EA could relieve SNI-induced mechanical hypersensitivity. Additionally, CatWalk gait analysis was used to assess the alterations of gait parameters after SNI in this experiment.[@CIT0022] We found that 2Hz EA significantly improved SNI-induced decrease of gait parameters. These investigations implied that 2Hz EA could attenuate pain-related behaviors in SNI rats.

Currently, the mechanism underlying neuropathic pain remains poorly understood. Neuroinflammation plays a pivotal role in the development of neuropathic pain.[@CIT0025] HMGB1 was reported to be a critical regulator of inflammation and be activated under pathological conditions.[@CIT0026] Evidence showed that nerve injury led to the activation of spinal microglia and astrocytes.[@CIT0027] HMGB1 binds to TLR4 from glial cells and induces an inflammatory response.[@CIT0013] Moreover, administration of an anti-HMGB1 antibody alleviates neuropathic pain via blocking activation of glial cells in the spinal cord,[@CIT0024],[@CIT0027] which indicated that the interaction between HMGB1 and glial cells in the spinal cord contributes to neuropathic pain. Furthermore, the upregulation of spinal HMGB1 expression was found in nerve injury-induced neuropathic pain,[@CIT0024] suggesting that HMGB1 may be synthesized and secreted from spinal cord neurons and/or glial cells and leads to the development of neuropathic pain following nerve injury.[@CIT0002] Consistent with previous reports, our findings demonstrated that SNI elicited increase of HMGB1 protein expression in the spinal cord, which further implied that HMGB1 participated in SNI-induced neuropathic pain. It was shown that intrathecal injection of an antibody against HMGB1 blocked mechanical allodynia and reduced pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α in the spinal cord,[@CIT0002] suggesting that a positive feedback may be presented between HMGB1 and pro-inflammatory cytokines, which may improve the effect of HMGB1 in neuropathic pain.[@CIT0002] We have previously reported that 2Hz EA decreased the upregulation of spinal IL-1β mRNA and protein expressions induced by SNI.[@CIT0017] Meanwhile, in this study, 2Hz EA markedly downregulated the level of spinal HMGB1 protein expression in SNI rats. This further confirmed that 2Hz EA stimulation exhibits its analgesic effect on neuropathic pain through reducing HMGB1 and pro-inflammatory cytokines expression in the spinal cord. Therefore, suppressing HMGB1 by 2Hz EA treatment may be a promising therapeutic strategy for neuropathic pain.

HMGB1 signals leading to neuropathic pain may be mainly dependent on either of two receptors for TLR4 and receptor for advanced glycation end products.[@CIT0028]--[@CIT0030] Based on the other and our previous data, the present study focused on investigating whether HMGB1-TLR4 signaling participated in the effect of 2Hz EA on SNI-induced neuropathic pain. TLR4 has been indicated to play a critical role in neuropathic pain.[@CIT0031],[@CIT0032] Spinal microglia was involved in the initiation and maintenance of neuropathic pain,[@CIT0032]--[@CIT0034] and TLR4 was predominantly expressed in spinal microglia,[@CIT0032],[@CIT0035] suggesting that TLR4 was closely associated with microglia activation in the pathogenesis of neuropathic pain. Consistently, in this study, we found that SNI induced the enhancement of spinal TLR4 protein expression. Moreover, double immunofluorescence staining results showed co-localization of TLR4 with microglia activation marker CD11b in the spinal cord, and the expression levels of both TLR4 and CD11b were also found to elevate in SNI rats, which indicated that SNI evoked microglia activation in the spinal cord. Overall, our findings further confirmed that spinal TLR4 played an important role in microglia activation and the induction of SNI-evoked neuropathic pain. Meanwhile, the present study demonstrated that 2Hz EA treatment could reduce the upregulation of spinal TLR4 protein expression induced by SNI, and immunofluorescence staining also revealed co-expression levels of TLR4 and CD11b were decreased by 2Hz EA in the spinal cord following SNI. These results suggested that 2Hz EA inhibited upregulation of TLR4 and microglia activation induced by SNI in the spinal cord.

It was reported that peripheral nerve injury significantly upregulated spinal MyD88 protein expression, and which was found to be present in the spinal microglia.[@CIT0020] Evidence showed that inhibition of MyD88-dependent signaling could alleviate peripheral nerve injury-elicited neuropathic pain.[@CIT0020],[@CIT0034] Furthermore, TLR4 triggered MyD88 to lead to the activation of NF-κB signaling and the release of pro-inflammatory cytokines, such as IL-1β.[@CIT0003],[@CIT0035],[@CIT0036] In accordance with previous studies, our results revealed that SNI significantly led to the increase of MyD88 protein expression in the spinal cord. Moreover, double immunofluorescence staining also showed spinal MyD88 was co-localized with CD11b, and both MyD88 and CD11b expressions were also upregulated in the spinal cord of SNI rats. These data suggested that spinal MyD88 indeed contributed to SNI-induced microglia activation and the development of neuropathic pain; whereas 2Hz EA treatment to SNI rats downregulated spinal MyD88 protein expression, and reduced the co-expression of MyD88 and CD11b in the spinal cord, which indicated inhibition of SNI-induced activation of both microglia and MyD88 signaling by 2Hz EA in the spinal cord.

Neuropathic pain due to peripheral nerve injury led to the release of pro-inflammatory mediators, which activated spinal microglia via TLR4/NF-κB signaling pathway.[@CIT0037] It was known that NF-κB is one of the most important transcription factors in the regulation of pro-inflammatory mediators.[@CIT0038] The activated NF-κB p65 was translocated to the nucleus and recruited to the targeted genes, and subsequently improved the transcription of those genes.[@CIT0038] Increasing evidence demonstrated that activation of NF-κB signaling participated in neuroinflammation through regulating the expression of pro-inflammatory cytokines.[@CIT0038],[@CIT0039] Suppression of NF-κB p65 expression significantly alleviated CCI-induced pain hypersensitivity.[@CIT0040] Collectively, these data demonstrated that NF-κB signaling takes part in the pathogenesis of neuropathic pain, and it was served as a molecular target for treating neuropathic pain.[@CIT0041] Our previous study has shown that 2Hz EA stimulation markedly decreased the upregulation of a pro-inflammatory cytokine IL-1β induced by SNI in the spinal cord.[@CIT0020] Thus, further investigation for the effect of NF-κB signaling in 2Hz EA ameliorating neuropathic pain is an interesting question. Consistent with previous reports, our results revealed the upregulation of spinal NF-κB p65 protein expression following SNI, and immunofluorescence staining also showed that SNI induced NF-κB p65 nuclear translocation in the spinal dorsal horn, which suggested SNI-evoked NF-κB activation in the spinal cord. While the present findings demonstrated that 2Hz EA decreased the upregulation of NF-κB p65 protein expression and inhibited NF-κB p65 nuclear translocation elicited by SNI in the spinal cord, suggesting that 2Hz EA could suppress the SNI-induced activation of NF-κB signaling in the spinal cord.

This study also existed some limitations. For example, suppression of HMGB1, TLR4, MyD88, NF-κB signaling, and microglia activation in the spinal cord of SNI rats by 2Hz EA treatment was taken into consideration. However, in this study, there were no further investigations to clarify the relationship between alterations of HMGB1, TLR4, MyD88, NF-κB p65 expression levels and attenuation of 2Hz EA on neuropathic pain with inhibitors, antibodies or antagonists.

Conclusion {#S0005}
==========

The present study revealed that 2Hz EA treatment alleviated pain-related behaviors induced by SNI, such as ameliorating mechanical hypersensitivity and promoting gait parameters. Furthermore, 2Hz EA stimulation reduced the expression levels of HMGB1, TLR4, MyD88, and NF-κB p65 in the spinal cord of SNI rats. Thus, blockade of HMGB1 may be a novel therapeutic target for 2Hz EA alleviating SNI-induced neuropathic pain.
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